Abstract: A new microwave hybrid coupler that solves the problems of limited bandwidth and reconfigurability in conventional couplers, is presented. It is based on a bi-directional operating optical phase modulator and an optical signal processor to control the amplitude and phase of the phase modulated optical signals. The use of photonic technology enables the realization of a microwave hybrid coupler with wide coupling ratio and phase tuning ranges. The photonics-based microwave hybrid coupler also has a wide bandwidth, and a small amplitude and phase imbalance. Experimental results demonstrate that the microwave hybrid coupler exhibits 3 to 20 dB coupling ratio tuning and 0°to 360°phase tuning over a 3-dB operating frequency from 6 to 16 GHz.
Introduction
Microwave hybrid couplers are fundamental components in communication systems. They are used to either combine two microwave signals or split a microwave signal into two. Commercial hybrid couplers have a fixed and standard characteristic, e.g., a fixed coupling ratio of 3 dB and a fixed phase difference of either 0°, 90°or 180°between the two output ports. Arbitrary coupling ratio and phase difference hybrid couplers are useful in applications such as beamforming systems for generating a specific radiation pattern that points to a desired direction [1] . Hybrid couplers with arbitrary phase shifts also have application in reflectometers [2] . There are several reports on hybrid couplers with an arbitrary coupling ratio [3] - [5] . Hybrid couplers with an arbitrary coupling ratio and phase difference have also been reported [1] . However, their coupling ratio and phase difference are fixed once the couplers have been designed. A phase-tunable coupler can eliminate the use of the phase shifter in beamforming systems. It was pointed out in [6] that phase-tunable hybrid couplers are important in the next generation wireless communication systems. The components used in these systems also need to simultaneously support both microwave and millimeter wave frequencies [3] . Hybrid couplers with a tunable coupling ratio [7] , [8] and phase difference [6] have been proposed. They were implemented by using a varactor [7] , tuning diodes [8] , or tunable capacitors and inductors [9] . These electronic tuning methods limit the hybrid couplers' operating frequency, bandwidth and tuning range. For example, the microwave hybrid coupler presented in [6] has only around 200 MHz bandwidth, around 90°phase tuning range and a fixed coupling ratio. Furthermore, microwave hybrid couplers with either a fixed arbitrary phase difference or a tunable phase difference have the problem of frequency dependent phase characteristic. To the best of our knowledge, there has been no report on a broadband widely tunable coupling ratio and phase difference microwave hybrid coupler.
A new microwave hybrid coupler is presented in this paper. It utilizes the highly reconfigurable and wideband properties of photonics [10] to obtain a wide coupling ratio and phase difference tuning range, at the same time having a broad bandwidth. The hybrid coupler also has the advantages of high coupling ratio and phase difference tuning resolution, small amplitude imbalance between the two input and output ports, and frequency independent phase difference performance. Experimental results are presented demonstrating a coupling ratio tunable and phase tunable photonics based microwave hybrid coupler having a broad bandwidth and low amplitude and phase imbalance.
Topology and Operation Principle
The schematic diagram of the proposed photonics based microwave hybrid coupler is shown in Fig. 1 . The hybrid coupler consists of two input ports (Port 1 and 3) and two output ports (Port 2 and 4). An RF signal into one of the input ports can be split into the two output ports with a desired coupling ratio and phase difference. The hybrid coupler can also be used as a combiner, as shown in Fig. 1(b) , to combine two RF signals from the two input ports (Port 1 and 3) into either one or both output ports. Fig. 2 shows the structure of the new photonics based microwave hybrid coupler with a tunable coupling ratio and phase difference. It is based on two continuous wave (CW) light from two laser sources traveling in opposite directions inside an optical phase modulator, and a Fourier domain optical processor (FD-OP). In a conventional operation, an optical phase modulator is driven by an RF signal from the phase modulator RF input port. The RF signal travels in the same direction as the CW light inside the phase modulator as shown in Fig. 2(b) . The RF signal is terminated by a 50 terminator at the phase modulator RF output port. An RF phase modulated optical signal is generated at the output of the phase modulator. In the photonics based microwave hybrid coupler, two different-wavelength CW light (λ 1 and λ 2 ) launch into the optical phase modulator in an opposite direction via optical circulators. The frequency separation between the CW light from the laser sources needs to be more than three times the maximum operating frequency of the hybrid coupler. Otherwise beating between the adjacent sidebands from the two different-wavelength optical signals at the photodetector generates unwanted signals that fall inside the system bandwidth, which interfere with the output RF signal. The light with λ 1 wavelength is modulated by an RF signal at Port 1 as the light and RF signal travel in the same direction inside the modulator. Note that the RF signal applied to the other phase modulator RF port travels in an opposite direction to the λ 1 wavelength light. Due to the velocity mismatch effect in electro-optic modulators, the modulation index for the counter-propagating microwave and optical signals is much smaller than the co-propagating case at high frequencies [11] . Hence, the effect of the counter-propagating microwave signal can be neglected at high frequencies. Therefore, the light with λ 1 and λ 2 wavelength are only modulated by the RF signals at the hybrid coupler Port 1 and 3 respectively. The two different-wavelength RF phase modulated optical signals pass through the optical circulators and are combined at a 2-to-1 50:50 optical coupler before entering a FD-OP. Fig. 2(c) shows the schematic of an FD-OP. The input signal is dispersed by a diffraction grating before its spectral components hit a 2D liquid-crystal-onsilicon (LCoS) array [12] . This LCoS array consists of a matrix of reflective liquid crystal elements. By applying voltages to these matrix elements, they can add individual phase shifts to the reflected signals. As the wavelengths are separated on the LCoS chip, each wavelength can be controlled independently and can be switched or filtered without interfering with other wavelengths. Note that the performance of commercially available FD-OPs is independent to the input light polarization state. The only polarization dependent component in the system is the optical phase modulator. Polarization-maintaining components between the laser sources and the optical phase modulator are needed to maintain the light polarization state into the modulator to obtain a stable performance insensitive to vibration. The FD-OP shown in Fig. 2(a) splits the phase modulated optical signals into two with a user-defined splitting ratio, distributes the carrier and the sidebands of the two phase modulated optical signals to different locations of the LCoS array, and independently controls their phases by applying voltages to the liquid crystal array. Fig. 3 shows an optical phase (θ n and θ n ) is added to each frequency component of the phase modulated optical signals. Note that the optical phases added to those for two FD-OP output ports have a relationship as shown in Fig. 3 . The two FD-OP output optical signals are detected by two photodetectors. The outputs of the two photodetectors consist of the two input RF signals with a reconfigurable coupling ratio and phase difference.
Note that the two different-wavelength optical signals are travelled in opposite direction in the system. They do not interfere with each other. Hence the system output is stable and is insensitive to environmental perturbations such as temperature change that causes slight path length variation. The hybrid coupler coupling ratio is defined as the ratio of the lower of the two output RF powers to the input RF power neglecting the coupler insertion loss. Most microwave hybrid couplers are designed such that the input power is equally distributed among the two output ports. In this case, the coupling ratio is 50% or 3 dB. The photonics based microwave hybrid coupler can be designed to obtain an arbitrary coupling ratio by controlling the optical power splitting ratio in the two FD-OP output ports. The phase difference between the RF signals at the two hybrid coupler output ports can be designed by controlling the optical phases introduced by the FD-OP to the carrier and the sidebands of the phase modulated optical signals. Hence both the coupling ratio tuning and phase tuning can be realized by controlling the FD-OP.
Note from Fig. 2 (a) that the two different-wavelength counter-propagating phase modulated optical signals are generated by the same optical phase modulator. This eliminates the amplitude and phase imbalance between the two hybrid coupler input ports. This is important for the hybrid coupler to be used as a power combiner to combine two RF signals with the desired coupling ratio and phase difference, which remain the same throughout the coupler bandwidth. Changes in the hybrid coupler coupling ratio and phase difference degrade the overall system performance. A good example is the use of 90°hybrid couplers in a photonics based image rejection mixer [13] where the mixer image rejection ratio is dependent on both the 90°hybrid coupler amplitude and phase imbalance. The amplitude and phase imbalance between the two photonics based microwave hybrid coupler output ports are mainly determined by the frequency response difference of the two photodetectors. Commercial photodetectors can be made to have the same frequency response characteristic over a wide 50 GHz frequency range [14] . Hence, they should have little effect on the hybrid coupler amplitude and phase imbalance performance. The photonics based microwave hybrid coupler has a wide bandwidth. Its upper operating frequency is limited by the bandwidth of the optical phase modulator. Electro-optic modulators with a wide bandwidth of over 60 GHz are commercially available from manufacturers such as EOSpace and 100 GHz bandwidth electro-optic modulators have been reported [15] . Therefore, the photonics based microwave hybrid coupler can be designed to have at least 60 GHz bandwidth.
Analysis
With reference to the photonics based microwave hybrid coupler structure shown in Fig. 2(a) , two RF signals with angular frequencies ω RF 1 and ω RF 2 are applied to Port 1 and 3 of the hybrid coupler respectively. The electric fields of the light with λ 1 and λ 2 wavelength passed through the phase modulator can be expressed as 
The phase modulated optical signals are split into two with a splitting ratio α in the FD-OP. The electric fields at the two FD-OP output ports are given by
where L O P is the FD-OP insertion loss. Since an optical power is the electric field magnitude squared, the optical powers at the input RF signal frequencies at the two FD-OP output ports are given by
where P i n,1 and P i n,2 are the optical power of the λ 1 and λ 2 wavelength light into the optical phase modulator respectively. The FD-OP phase response profile at the two output ports are designed so that the optical phase introduced to the carrier and the sidebands have the following relationship
Equation (8) shows no optical phase shift is introduced to the two carriers. The optical phase shift introduced to upper sideband of the λ 1 carrier at the FD-OP output port II is the desired RF signal phase difference θ RF between the two hybrid coupler output ports. The optical phase shifts introduced to the lower sidebands shown in (10) and (11) are used to ensure the upper and lower sidebands to have the same phase in order to recover the RF signal after photodetection. The photocurrents at the RF signal frequencies can be obtained from (6) and (7) together with (8)-(11).
They are given by
where is the photodetector responsivity. Equations (12) and (13) show the RF signal at the hybrid coupler Port 1 is split into two with a phase difference θ RF in the two output ports (Port 2 and 4) . The equations also show the two RF signals from Port 1 and 3 of the hybrid coupler are combined and presented in both output ports with their amplitudes or the coupling ratio can be controlled by the FD-OP splitting ratio α. This indicates that the photonics based microwave hybrid coupler can be used as a power combiner and splitter at the same time. Tuning the coupling ratio and the phase difference can be obtained by applying voltages to the FD-OP. Commercial FD-OPs have high resolution and wide amplitude and phase control range [12] . This enables the realization of a wide coupling ratio tuning and wide phase tuning microwave hybrid coupler, which cannot be achieved by the reported structures. Note that, due to the optical modulator nonlinearity, the high order sidebands at the phase modulator output become significant for high input RF signal power. The effect of the modulator nonlinearity can be described by the spurious free dynamic range (SFDR). Since an FD-OP is an all-optical device, it has no effect on the system nonlinear performance. The SFDR of the photonics based microwave hybrid coupler is similar to that of a single sideband phase modulated fiber optic link, which was found to be around 100 dBHz 2/3 [16] . Note that the photonics based microwave hybrid coupler involves a number of components such as lasers, an optical phase modulator and an FD-OP. As such, the proposed structure is bulky and expensive compared to the traditional microwave hybrid couplers. The issues of size and cost can be addressed by fabricating the photonics based microwave hybrid coupler on a photonic integrated circuit (PIC). PIC fabrication technologies have significantly advanced in recent years by large research and industrial consortiums, and an integrated version of an FD-OP has recently been demonstrated [17] . An entire system with hundreds of components including the photonic based microwave hybrid coupler for future communication or military applications can be fabricated in a PIC chip. This reduces not only the system size and weight but also the overall cost.
Experimental Results
An experiment was set up as shown in Fig. 2(a) to verify the concept of the new photonics based microwave hybrid coupler. Two CW light with different wavelengths of 1550 nm and 1555 nm from a 4-port tunable laser source (Keysight N7714A) were passed through optical circulators and polarization controllers before launching into an optical phase modulator (Fujitsu H74M-5208-J049), which had 5.5 V switching voltage. The polarization controller in front of the phase modulator was used to maximize the modulation efficiency. It can be avoided by using polarization maintaining components between the laser and the phase modulator. Fig. 4 shows the amplitude response of the optical phase modulator with one of the modulation sidebands being suppressed by an optical filter. The reason of the response level decreases at low frequencies is because the optical filter has a limited edge roll-off which also suppresses the desired sideband near the optical carrier. Nevertheless, the measurement shows the optical phase modulator used in the experiment has an around 16 GHz 3-dB bandwidth. The amplitude response of the optical phase modulator for counterpropagating microwave signal and CW light, was also measured and is shown by a dotted line in Fig. 4 . It can be seen that, due to the velocity mismatch effect in the traveling-wave electro-optic modulator, the phase modulator counter-propagating response is more than 22 dB below the copropagating response at the frequencies above 6 GHz. Hence the effect of the counter-propagating microwave signal can be neglected at high frequencies. The two phase modulated optical signals were combined in a 2-to-1 optical coupler. A variable optical delay line was connected to one of the optical coupler inputs and was adjusted to match the path lengths of the two phase modulated optical signals. An FD-OP (Finisar WaveShaper 16000s), which had the function of splitting an input signal between multiple output ports [12] , were used to split and process the optical signals. The processed optical signals with the desired splitting ratio and optical phase were routed out from port I and II of the FD-OP. Due to the lack of two photodetectors, connection between one of the two FD-OP output ports to a 50 GHz bandwidth photodetector (U2t XPDV2120RA) with 16 dBm optical power handling ability was switched manually for measuring the microwave hybrid coupler frequency response on a vector network analyzer (VNA) (Agilent N5222A).
First, the FD-OP output splitting ratio and phase response profile were designed using (8)- (13) to demonstrate the RF signal at Port 1 of the hybrid coupler can be equally split into Port 2 and 4 with a 90°phase difference. The red asterisk line in Fig. 5(a) and (b) show the photonics based microwave hybrid coupler S 21 amplitude and phase responses. They were calibrated in order to compare with the corresponding S 41 responses, which are shown in Fig. 5(c) and (d) . The measurements were obtained for an RF signal with 0 dBm power into the phase modulator. It was found that the input RF signal power needs to be less than 14 dBm to ensure the amplitude and phase imbalance are less than 0.5 dB and 0.5°respectively. The figure reveals the hybrid coupler has the same power in the two output ports, i.e., a 3 dB coupling ratio, and a 90°phase difference. The hybrid coupler lower 3-dB operating frequency was around 6 GHz, which was limited by the resolution of the FD-OP. The hybrid coupler upper 3-dB operating frequency was limited by the phase modulator bandwidth, which is around 16 GHz according to the measured phase modulator co-propagating response shown in Fig. 4 . The phase tuning function of the hybrid coupler was demonstrated by using different FD-OP phase response profiles, which were designed according to (8) - (11) so that the RF signals at the two hybrid coupler output ports have −180°, −135°, −60°, 30°, 45°, 60°and 180°phase difference. It can be seen from Fig. 5 that the phase responses are flat with less than 1.3°deviation from the desired values in all cases over the 6-16 GHz frequency range. Such small frequency-dependent phase response performance cannot be achieved by all reported phasetunable microwave hybrid couplers. The hybrid coupler amplitude responses for different phases are also flat at high frequencies. The performance of the photonics based microwave hybrid coupler with Port 3 excited was examined. Fig. 6 show the hybrid coupler S 23 and S 43 amplitude and phase responses for various phase differences between the two output ports. Note that the FD-OP phase response profiles used to obtain the results shown in Fig. 6 were the same as that in Fig. 5 . The results demonstrate the two hybrid coupler input ports have the same characteristic. A full 0°to 360°phase tuning was obtained experimentally by using different FD-OP phase response profiles, which demonstrates the photonics based microwave hybrid coupler has a wide phase tuning range. The amplitude imbalance between the two hybrid coupler output ports (S 21 -S 41 ) was investigated. Fig. 7(a) shows the two output ports have less than 1.3 dB amplitude imbalance for various phase differences in the 6-16 GHz frequency range. The amplitude imbalance between the two hybrid coupler input ports (S 21 -S 23 ) is shown in Fig. 7(b) . It can be seen that the hybrid coupler also has an excellent input amplitude imbalance performance due to the two hybrid coupler input ports are the two RF ports of the optical phase modulator and hence they have the same frequency response characteristic.
To investigate the coupling ratio tuning function of the photonics based microwave hybrid coupler, we altered the FD-OP output splitting ratio and measured the frequency responses at Port 2 and 4. Fig. 8 shows the difference between the amplitude and phase responses at the two hybrid coupler outputs, i.e., S 21 -S 41 , when the hybrid coupler was designed to have a 6 dB, 10 dB and 20 dB coupling ratio and a fixed 90°phase difference. The figure shows the coupling ratio is within 5.2% to the desired value in the 6-16 GHz frequency range. The phase difference between Port 2 and 4 of the hybrid coupler remained 90°with less than 1.7°deviation, while tuning the coupling ratio. The coupling ratio tuning function of the photonics based microwave hybrid coupler with Port 3 excited was also investigated. The measurements are shown in Fig. 9 . The experimental results demonstrate the photonics based microwave hybrid coupler has a wide coupling ratio tuning range from 3 dB to 20 dB. The results also show the coupling ratio and phase difference of the hybrid coupler can be tuned in high resolution of 1% and 1°respectively. To the best of our knowledge, this is the first report on a broadband microwave hybrid coupler with high-resolution coupling ratio and phase difference tunability.
The stability of the photonics based microwave hybrid coupler operating as a power splitter with a 3 dB coupling ratio and 90°phase difference was investigated. A 15 GHz RF signal was applied to Port 1 of the hybrid coupler. The amplitude and phase responses of the hybrid coupler output Port 4 were recorded for 8 hours. Fig. 10 shows the amplitude and phase fluctuations are less than 0.3 dB and 0.9°respectively. This demonstrates that the photonics based microwave hybrid coupler has excellent long-term stable performance. The photonics based microwave hybrid coupler operating as a power combiner and splitter simultaneously was also demonstrated. This was done by applying a 10 GHz and 12 GHz RF signal with same amplitude to Port 1 and 3 of the photonics based microwave hybrid coupler respectively. The FD-OP amplitude and phase response profiles were designed to split the two optical signals into the two FD-OP output ports so that there is a 6 dB power difference and 0°phase difference for the output RF signals at Port 2 and 4 of the hybrid coupler. The spectrums of the two photonics based microwave hybrid coupler output ports were measured on an electrical spectrum analyzer and are shown in Fig. 11 . A 6 dB power difference between the RF signals in the two output ports can be seen.
The return loss of the photonics based microwave hybrid coupler is determined by the optical phase modulator return loss. Fig. 12 shows the S 11 measurement of the hybrid coupler with a 3 dB coupling ratio and a 90°phase difference, which indicates the hybrid coupler exhibits over 15 dB return loss throughout the 6-16 GHz operating frequency range. It was found that tuning the hybrid coupler coupling ratio and phase difference has no effect on the coupler return loss. This is because the tuning was realized by designing the FD-OP amplitude and phase response profiles, which do not affect the optical phase modulator.
Conclusion
A new microwave hybrid coupler that has a tunable coupling ratio and a tunable phase difference between the two output ports has been presented. It is based on operating an optical phase modulator in both directions and using an optical signal processor to control the amplitude and phase of two phase modulated optical signals. The use of photonic technology enables broadband microwave signals combination and separation with widely reconfigurability to be obtained, which cannot be realized using electronic methods. The photonics based microwave hybrid coupler has excellent amplitude imbalance performance and frequency independent phase difference characteristic. The new microwave hybrid coupler has been experimentally verified. The results have demonstrated a tunable 3 dB to 20 dB coupling ratio and tunable 0°to 360°phase difference hybrid coupler with an operating frequency of 6 to 16 GHz. Furthermore, the hybrid coupler has <2°phase deviation and <2 dB amplitude imbalance over the operating frequency range.
